We report systematic studies of the de transport properties in proton-irradiated Y-Ba.--Cu-0 single crystals. We find that the onset of vortex dissipation in moderately irradiated samples is a.ssoc:iated. with the occurrence of a second-order vortex-solid melting transition. In addition, the decreasing zero-field transition temperature and increasing critical current density with the increasing defects reveal the effects of disorder on reducing the electron me&a-free..pa.th and on increasing the pinnin"g density.
Irradiation it a sta.ndard technique t~ introduce defects into materials systematically.
Although ma.ny investigations have studied the effect of irradiation on the critical current densities of high temperature superconductors (HTS), most observations consisted of inductive measurements of the sample magnetization 11, 2J. In this paper, we present systematic studies of the de current-voltage tharacteristics of a proton-irradiated Y-Ba-Cu-0 single crystal. The vortex transport properties of tlie sample after irradiations follow the same critical sea.ling behavior as that reported for a sample without irradiation f3, 4J. In addition, the following effects a.re observed with increasing degrees of disorder: the zerofidd transition temperature Te0 is reduced;· the iiormal state resistivity pis increased, and the critical current density J~ is enhanced. : ,, -:
nd sample dimensions 0.90 x 0.65 x 0.021mm 3 • 3-Mev proton irradiations are performed at room temperature using a tandem Van de Graaff accelerator. The beam orientation it parallel to the c-axis of the sample. The sample is irradiated twice with a. ftuence of 5 x 10 11 protons/cm 2 each. In the following we will denote the sample before the irradiation, alter the first irradiation, and after the second irradiation as Samples A, B, and C, respectively. Since the r&nge of 3-Mev protons in Y-Ba.-Cu-0 is about 45 µm, greater than the crystal thickness, all incident protOns can pass completely through the •ample. Tbe defects created by 3-~fev protons are randomly distributed small dusters. A simple calcul&tion hued on collision theory sho,vs that the density of the defects is about 1.1><10 19 /cm 3 for a flueuc:e of 5 x 10 1 $/cm 2 , Since the pinning strength of the clusters is much weaker than th&t of the twin boundaries, we can observe gradual changes in the transport propertie. by controlling the density of the defects. The transport measurements are carried out using the standard four-probe method.
The de magnetic field ii is applied along the sample c-a.xis, and the current is applied in the ab plane with J ..L fl. More details of the experimental techniques and sample characterizations have been given in Ref. [5) .
RESULTS AND ANALYSIS
The electric field (E) versus de current density (J) isotherms for H ranging from 0 to 70k0e are obtained for all three samples. Here, we select the data taken at H = SkOe ( Fig.l(a) ,(b),(c)) as representative results. (De tailed measurement of Sample A have been given in Ref. [3] . Additional information about Samples B and C will be pr ented elsewhere [6) .)
The electric field (E) due to the vortex dissipation near the melting transition temperature (TM) yields the scaling relation [3, 7, 8] :
(1)
where v and z are the static and dynamic exponents, respectively, d is the dimensionality, gives v = 0.65 ± 0.05 and z = 3.0 ± 0.2, consistent with tho e obtained from the de and ac transport data of Sample A (3, 4] . Our present results provide evidence of the universal critical scaling behavior in samples with different densities of defects, lending another strong support for a. second-order phase transition.
The TM(H) values obtained with the above scaling analysis are plotted in Fig.2 . The melting lines for Samples A, B , and C follow the same relation HM (T) = HM (O)l l -(T /Tc0) 1 2~ with a single zero-field critical exponent v 0 = 0.63 ± 0.02. The only difference in the melting lines is the decreasing Tc0 values (see Table 1 ). Since Ta> , . . . . . . , VF/{., where vp is the Fermi velocity, and since VF ex l , where l is the mean-free-path , it is clear that the decreasing l with the increasing disorder results in a smaller Tc0 value.
Experimentally, the mean-free-path l in a vortex system can be estimated as follows (3] . At constant T and H , a characteristic current density J1(T, H ) can be defined by the relation ~1 1 (T, H , 11) = l, where { 11 is the vortex correlation length (3] . Since J1(TM(H)) = ks~44~H) [3] and l1(T, H) can be measured by identifying the current density below which the E vs J scaling relation in Eq. (1) breaks down, we can obtain t he vortex meanfree-path l(H) . While the l(H) values thus obtained for Sample A are comparable to the average twin boundary separation (3] , those for Samples Band C decrease with increasing disorder. The comparison of the l values for Samples A, Band Cat H = 5.0kOe is shown in Table 1 . The dashed line (Hc 2 (T)) is obtained from Ref. [9] . Sample f (protons/ cm """2") Tc0(K) l(µm) Finally, we also find evidence of enhanced vortex pinning after irradiations. As shown in Fig.4 , the critical current density l e near Tc0 (defined with the 2µV/cm criterion) increases with the increasing proton fluence, consistent with previous reports (1 , 2] based on magnetization m easurements. 
CONCLUSION
In summary, we have shown evidence of a second-order vortex-solid melting transition in moderately irradiated Y-Ba-Cu-0 single crystals. In addition, we provide quantitative analysis of the decreasing mean-free-path as the result of th increasing d feet in the irradiated samples.
